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INJECTION II iTO THE COMBUSTION Crp AN 

By E. 1. Jansen and P. E. Rems 

SUMMARY 

A n  ihvestigation was conducted in an a l t i t ude   t e s t  c-er a t  the 
NACA Lewis laboratory  to determine the a l t i t ude  performasce of an axial- 
flaw turbo jet engine using water-alcohol  injection Uta the combustion 
chanibers. D a t a  w e r e  obtained over a range of altitudes f r a m  30,000 t o  
50,000 f e e t  at a f l i g h t  Mach nuniber of 0.80. A t  each fl ight condition 
the l iquid-air   ra t ios  w e r e  varied between 0 and about 0.10 for each of 
four  conical &ust nozzles. 

Net thrust augmentation ratios of 1.25, 1.23, and 1.21  w e r e  obtained 
a t  a liquid-air r a t i o  of 0.10 f o r  a l t i tudes  of 30,000, 40,000, and 
50,000 feet,  respectively. In order t o  have this th rus t  augmentation, 
which was obtained a t  limiting turbine-outlet  temperature, a continuously 
variable-area  exhaust  nozzle would be required. Operation with only the 
standard exhugt  nozzle and w i t h  a liquid-air r a t i o  of Oil0 resulted i n  
a vasiance of the augmented net   thrust  from 1.14 t o  1.195 as the a l t i -  
tude was increased from 30,000 to 50,000 feet. The use of 10,000 gal- 
lons of water-alcoholmixture In 7.5 hours of englne man time 
resulted i n  no noticeable  engine structural deterioration. Engine oper- 
ation was smooth a t  a l l  times regardless of the  inject ion flow rates. '  

INTRODUCTIOH 

The increasing.need  for  higher t h r u s t  of short time duration so as 
t o  improve the  take-off  conditione and certain flight maneuvers places a 
new demand on the a i r c r a f t  engine Indrustry. The requirement of higher 
thrust  f o r  a i r c ra f t  s t i l l  in the design stage may often be eat isf ied  by 
the  turbo jet engine f i t t e d  with an afterburner. On the other hand, the 
instaUation of af terburners   in   exis t ing  a i rcraf t  t o  improve f l ight   per-  
formance is often an impossibility  because of nacelle  or  fuselage  space 
limitations. The need i s  therefore appwent  for a more simplified method 
of .augmenting turbo j e t  engine t h r u s t  w h i c h  w i l l  be applicable  to  existing 
aircret .   Theoret ical   s tudies  OP means of augmenting turbojet  engine , 
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thrust  (refs. 1 t o  3) have shain that in  addition  to  afterburning, Ilq- 
uid  injection  into the compres.sor, 'liquid inject- i n to  the combustion 
chamber, and separate burning of f u e l  in air bled frm the compressor 
each provides  promising  increa9e.s. i n  thr,ugt.. O f  the systems mentioned, 
l iquid  injection intQ the c&ustion &ei has the &dv&tage of sim- 
plic.ity wi th  regard to  existingLaircraft   engine I . .  installations.  - ,  

Experimental  investigations bf liquid i n J e c t i a n   a w n t a t i o n  
using a water-alcohol mixture a t  sea-level static conditidns have been 
reported in references 4 t o  7 for  compressor-inlet,  interstage, 
combustion-cbamber, ana cmibination injection systemS and a t  a l t i tude in  
reference 8 f o r  ccmpfeesor-inlet and interstage  Ynjection. These data 
show appreciable  thrust  gains, with reference 7 sharing a thrust augmen- 
ta t ion  at sea level. o f .  39 !.5 percent-at ~d r a t i o  ..ofo..-qgd-f.lm t o  air 
flow of 0.148 with a conibination of compressor sixth-stage  combust~on- 
chaniber injection. For conibustion-ewer injection alone, the augmented 
thrust- was 24.5 percent a t  a l iquid-air   ra t io  of 0.10. Liquid flow is 
defined a s  the tatal l iquid  lnjected  into the engine  excluding  engine 
f u e l  flow. I n  the present  investigation, because simplicity of instal la-  
t ion and control  are'of paramount importance, the combustion-chamber 
injection Bystem was'chosen for investigation  at  altitude  conditions. 

The investigation  reported herein, which was conducted in an NACA 
Lewis a l t i tude  test  chamber, covered a range of a l t i tudes from 30,000 t o  
50,000 feet at- a flight--Mach number of '0.8. Liquid-air  ratios,  the l l q -  
uid being a water-alcohol mixture,  were varied between 0 and about 0.10 
for each of four conical  exhaust  nozzles having &reas varying from the 
normal area  to  93.7 percent of the normal area. The performance of the  
over-all  enginealong  with component performance was obtained. From 
these data, performance cross  plots of the engine  operating a t  lhitbg 
turbine-outlet  temperature, w h i c h  represents the maximum thrust  augmen- 
tation  obtainable with confbustion-chamber injection, were drawn. I n  
addition, performance cross plots  were obtained which represent  practical 
engine confYguration instal la t ions for existing aircraft. A comparison 
was also made between altitude and sea-level.performance  obtained  by this 
method  of thrust augmentation. 

Englne and Instal la t ion 

The current production-model axial-flow  turbojet engine  used in this 
investigation has a twelve-stage compressor, eight  tubular conibustion 
chambers equipped by  the manufacturer far water-alcohol  injection, and 
a single-stage  turbine. The engine has a s ta t ic   sea- level   thrust   ra t ing 
of 6060 pounds a t   t h e   r a t e d  speed of 7950 rpm ana a turbine-outlet tem- 
perature of 1245O F based on the standard ins ta l la t ion  thermocouple 
harness. 
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I The engine was ins ta l led  in a a  a l t i t ude   t e s t  chaniber 10 f e e t  in 
diameter  and 60 f e e t  i n  length and mounted on a th rus t  measuring bed as 

type  supports  using  flexure  plates a t  each end of the supports. The 
thrust   force was transmitted through a b e l l  crank and lever  system to a 
null-type  force-measuring ce l l .  To keep the thrust-cell f mces always 
acting i n  one direction, a dead-weight preload wa8 adder3 to  the thrust 
system. A f ront  bulkhead, which incorporated a labyrinth seal around 
the  forward end of the engine, separated  the  inlet  and exhaust sections 
of the chamber and p o v i d e d  freedom of  movement of the engine 5n an 
axial directdon. A rear bulkhead was ins ta l led   to   ac t   as  a r a u t i o n  
shield and t o  prevent  recirculation of. the  hot exhaus t  gases  about  the 
engine . 

.I shown in  figure 1. The t h r u s t  measuring  bed was hung from four pendulum- 

Liquid-Injection System 

The liquid-injection  nozzles used Fn this   invest igat ion  ( f ig .   Z(a))  
w e r e  standard eqdipment for the engfne and designed for aea-level con- 
dit ions.  The nozzles w e r e  located i n  the engine colnbustion  chanbers and 
the  injection system consisted of four nozzles equally spaced  around the 

nozzles were located  approxhately  flush with the combustion-chamber 
l iner  and inJected  the  liquid in to  the primary zone of the  codust lon 

i n  the form of a hollow cone, provided a reasonable  atomization of the 
injected  l iquid.  The axial   locat ion of the  injection nozzles i s  shown 
i n  figure Z(b). 

- periphery of each conibustion chmKber. Tips of the  l iquid-injection 

L Ser normal to the direction of gas flow. The liquid spray, which was 

Fuel and L i q u i d  Mixture 

Fuel supplied t o   t h e  engine  during this   invest igat ion conformed t o  
specification MIL-F-5624A grade JP-4. The =quid injection  mixture con- 
s i s ted  of 30-percent MIL-A-6091 alcohol and 70-percent water by unmixed 
volume - The f u e l  and l iquid flows were measured with  calibrated rotam- 
eters, except a t  the high l iquid flows where a calibrated orifice w a s  
used. . 

Instrumentation 

The location of .the inetrumentatim  stations before and a f t e r  each of 
the  principal components of the engine is sham in figure 1. The 24 t o t a l -  
pressure tubes a t   s t a t lon  1 were located at   the   centers  of 24 equal areas 
and the 18 total-pressure tubes at s ta t lon  9 were located 3 . 0 . ~  each of 
6 equal areas.. The thermocouples at  s ta t ions  1, 3, 4, 5, and 9 and the 

- 

1 total-pressure tubes at  s ta t ions 3, 4, and 5 were located on approximately 
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equal spac-s. TheAltitude  pressure sKou@ipg.the je t  nozzle was 
measured by four l i p  s t a t i c  probes  located i n  the eaaus t   por t ion  of the 
chamber. The air f Law through the  englne .vas ineasked a t  .btation 1, 
engine-inlet, and such a i r  flow w a s  corrected f o r  any 1eak.ages existing 
in   t he  compressor- : 
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The performance .data  preeented  herein were obtained a t  simulated a l t i -  
tudes of 30,000, 40,000, an&-50,.OCIO feet  a t  a: f l i gh t  Mach number of 0.8. 
The englne-inlet  total-pressure .and temperature and the exhaust s t a t i c  pres-  
sure were held  constant  for each f l i g h t   c o n d i t i h  while  data were obtained 
for  various  fixed-area nozzles over a range of water-alcohol  injeotion rates 
with the engine o p e r a t a  a t  rated..@gine speed. The nozzle areas used in 
%hie  investi@tion correspond t o   t h e .  etandarll ama..wd 9 7  ,.O, 96.2, and 
93.7 percent of the standard area. 

The range of l iqu id- f lw rates was. from zero .. t o  ... the..f.lw which  gave 
a l iquid-air   ra t io  of approximately 0.10. T h i s  injection rate was s e t  
by the manufacturer as an approximate maximum for  safe  operation due t o  
the damaging effect  of w a t e r  hitting  hot-metal  surfaces a t  the conibwtor 
out le t  and turbine  inlet .  

RFlSULTS AND Dr'sCUSSION 

The principles of various types of liquid-injection systems used 
f o r  obtain- thrust  augmentation are  discussed i n  reference 1. How- . 

ever, i n  order to   fac i l i t a te   the   in te rpre ta t ion  of the data reported 
herein,  the  principles-involved  in  thrust augmentation  by liquid  injec- 
t ion   in to  the combustion chambers are presented i n  the following 
paragraphs. . .  . . .  . . . . . . . .  ." "" - . . .  . " .  " . " . =1 

" 

To augment the  thrust  of a turbojet  engine, it is necessary t o  
increase the exhaust-gas velocity  or  the mss flow. Liquid  injection 
serves  to  increase  both  these  quantities. With collibustion-chaniber 
injection,  the mas8 flaw through the  turbine i s  increased and the 
turbine-discharge  tempqrature is. decreaded-at. a - c . o ~ b n t  elr@;ine speed 
and exhaust-nozzle are&. Because the turbine  nozzle is choked and the 
decrease in   turbine temperature is insuff ic ient   to  compensate f o r  this 
increase i n  mss flaw, 'the  turbine-inlet  total  pressure must be raised 
to   s a t i s fy  f1bw"continuity. The required  increase in turbine-inlet 
total   pressure  ref lects  back t o  the compressor outlet ,   result ing i n  an . 

i n c r e a s e . i n   c q r e s e o r  pressure ra t io .  The effect  on the compressor is 
much the -same as throt t l ing  the flov a t  the  dischmgej  the corresponding 
change i n  operating  point i s  noted on the following sketch of the com- 
pressor  characterist ic:   cave a8 a movement. from point 1 to  point  2. - 

" 

... 
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If an  exhaust  nozzle of smaller area were used t o  maintain  limiting - turbine-outlet  temperature, a similar shift  in operating  point would be 
encountered and the final compressor pressure r a t i o  would have a corre- 

rate  (point 2 t o  point 3) than the larger nozzle would have. This 
increased compressor pressure r a t io ,  be- greater than  the change i n  
turbine  pressure  ratio, results in  an increase i n  tail-pipe  pressure 
ra t io .  The combined ef fec t  of increased   ta i l -pfp-pressure   ra t io  and 
increased mss flow produce an increase In thrust.  Further examination 
of the compressor  curve indicates that the amount  of l iquid that can be 
injected or the  allowable  reduction in nozzle area may be limited by 
comgressor surge. 

- spondingly  higher value for the same engine  speed and liquid-injection 

Basic Performance Data 

The data obtained  during this investigation are presented a8 a r a t i o  
of augmented to normal. engine  performance over a range of l iquid-air  
ratios for  four fixed-&rea m u s t  nozzles. The normal en@;ine perform- 
ance is the  unaugmented performance’which the engine delivers a t  each 
flight condition. Nornal engine  performance would be  obtained with the 
engine equipped w i t h  a ftxed-area  exhaust  nozzle  properly  sized at sea- 
level static conditions t o  give t h e  limiting turbine-outlet  tenperatme 
( 1250° F) at rated engine  speed.  Therefore, a t  a l t i tude,  because of a 

ture,  and consequently maxfmum unaugmented performance, m8 encoun%ered 
before reachhg rated engine speed. The au@ented  performance was 
obtained a t   ra ted  engine speed and varying turbhe-out le t  temperature 
depending on the rate of liquid injectton. 

- decrease i n  component efficiencies, the rated turbine-outlet tempera- 

I 
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The ef fec t  af Uquid-air   ratio on pertinent engine and component \ 
performance V i a b l e s   f o r  each af four f ixea-area. exhaust  nozzles at 
a l t i tudes of 30,000, 40,000, and 50,000 .feet i s  shown i n  figures 3 t o  
10. The Fncrease  tn-ccmgressor  pressure ratio  with  increasing  Uquid- 
a i r   r a t i o  i s  shown irr figure 3. For each  nozzle  size,  the  turbine  pres- 
sure   ra t io  ( f ig .  4) remained nearly constant over the  range of liquid- 
a i r   r a t io s ,  so that the exhaust-nozzle  pressure  increase was approxi- 
mately  proportional to the compressor pressure  rise. With the 100-percent 
nozzle  area and .at zero liquid-air ra t io ,  the r a t i o  of coqpressor  pres- 
sure   ra t ios  had a tendency to  increase above unity and the r a t i o  of 
turbine  pressure  ratios had a tendency t o  decrease below unity as the CU 
altitude was increased, because rated speed  operation of the engine a t  . . 

these altitudes occurred above limiting  exhaust-gas  temperature. Other 
performance  parameter ra t ios   a l so   t end   to  show a r i s e  above a value of 
1.0 because of this higher-than-rated  exhaust-gas t a p e r a t e e  operation 
at-  zero  liquid-air  ratio. . .  . . " 

. .. 

. ." 

dc 
0 

The a i r  flow remained constant  over the range of nozzle areas and 
liquid-air  ratios  investigated  (fig. 5), i n a c a t b g   t h a b - t h e  compressor 
was operating i n  the region where the  canstant engine-speed l ine  vas  
vert ical  on the compressor map-. The t o t a l - g s s  f.lT..therefore  increased 
l inear ly  with l iqu id-a i r   ra t io   ( f ig .  6) . -The  cornbustion efficiency, 
based on t o t a l   f u e l  and alcohol flm, decreased only s l igh t ly  a8 the 
l i q u i d a i r   r a t i o  was increased ( f ig .  7 ) ,  indicating that mst of the 
alcohol was burning. Consequent-ly, f u e l  flow (fig.. 8) decreased  almost 
l inear ly  as liquid-air  rat20 was increased.. The.efiaust-gas tmpera- 
ture decreased as the. l iqkd-air  r a t i o  was increased ( f ig .  9 ) .  However, 
the decrease i n  exhaust-gas temperature.ygs more $+an offset  by the . 

increase in exhaust-nozzle.  pressure, and mass. f l - ~  with a resultant 
increase i n   n e t  thrust (f ig .  10). Inspection of the '&ti indicate that 
all the  parameters  discussed  exhibit the same trends  for each of the 
three altitudes  investigated. 

Specific Modes of Operation 

On the basis of the  preceding perf-%chmsc$eristics, perform- 
ance can be detemnined f a r  several  different modes of operation. The 
following  discussion-will  describe  the performance of three such mdes 
of operation w@ch-would require the fori- types"of 6xhaus-k nozzles - 
a s t a n w d  fixed-area  nozzle, a continuous- v&X&le-area nbzzle, and 
a two-position  nozzle. In addition t o  the exhaust  nozzle and control, 
each mode of operation would .require l iquid tanks, 'piping, a pump, and a 
regulator on the engine fue l  flbw 8KWell a6 'the' l iquid -flow which would 
maintain rated engine  speed a6 :the  liquid-injection rate-was m i e d .  
Operation will be...considered.at the +Lroiti& liquid-air.raM.0 of '0.10, 
which, as mentioned prevlously, was set by   t he   -6u fac tu re r  as an 
approxima-xhq f o r  s e e   o p e a t i o n .  . . - - . . . . . . . . . - - - . . .. 

. .  

n .  
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f Standard fixed-area  nozzle. - The data previously  di~cussed f o r  
100-percent  nozzle area ( f igs .  3 t o  10) showed the engine  and ccmponent 
perfGmnce with a liquid-injection system ins ta l led  on a standard engine 
with a  standa.rd fixed-area nozzle. T h i s  configuration  represents the 
most sFmplified  installation and could  be  incorporated on existing air- 
craft with a minimum of modifications. A t  a l iquid-air   ra t io  of 0.10, . the net th rus t  gain ui th  this  configuration  varied from 14.0 percent a t  
30,000 feet t o  19.5 percent a t  50,000 f e e t  (fig. 10). A t  an a l t i t ude  
of 30,000 f e e t  it was necessary t o  extrapolate  the data for  the 
100-percent  nozzle-aiea  curve from a liquid-a3x  ratio of 0.073 t o  0.10 
because of a l imitation on the  liquid-system pumping capacity. 

Continuously  variable-area  nozzle. - The  optimum  mode of operation 
consists of using a continuousLy variable-area  exhaust  nozzle in order 
t o  lnaintain limiiing turbine-oUilet  temgerature. This configuration 
wtll give  the maximum t h r u s t  gain a t  any flight condition. The effect  
of l iquid-air   ra t io  on engine performance fncluding component perform- 
ance over a range of alt i tude6 a t  limiting  turbine-outlet  temperature 
( m o o  P) is shown i n  figures L L  t o  14. Superimposed on these  figures 
as dashed l ines   a re  data taken from reference 7. These reference data 
were obtained st static  sea-level  conditions u s i n g  an ea r l i e r  model of 
the same turbojet  engine  but  operating at  a limiting turbine-outlet tem- 
perature of l275O F. 

The compressor pressure  ratio ( f ig .  l l(a)) increased more rapidly 
and the turbine pressure r a t i o  ( f ig .  l l ( b ) )  decreased less rapidly a t  
alt i tude  than a t  sea level for the higher l iquid-air   ra t ios .  A% a 
l iquid-air  r a t i o  of 0.10, the over-al l  result i s  that the rise in 
exhaust-nozzle  pressure r a t i o  vas 1 t o  2 percent  less  at   al t i tude  than 
a t  sea level. 

Cdus t ion   e f f i c i ency   ( f ig .  = ( a ) )  was nearly  constant a t  a l t i tade,  
whereas a t  sea  level there wa8 a rapid  fall-off above a =qui&-air   ratio 
of 0.06. Therefore, a t  sea l eve l   the   fue l  flaw (fig. 12(b)) increased 
above this =quid-air r a t io ,  whereas st altftude the  fuel  flow decreased 
almost l inear ly  with increasing  liquid flow. The loss i n  canibustion 
e f f ic iency   a t  sea leve l  is  at t r ibuted t o  greater  penetration of the 
water-alcohol mixture into  the catibustor which tends t o  quench the flame, 
thereby  requiring more f u e l  t o  maintain a constant exhaust-gas temgera- 
ture. The greater penetration at sea level than at  al t i tude  resul ted 
f r o m  the  higher  pressure  required  to inject the desired  liquid flows. 
This decrease i n  codustion  efficiency vas  also  agparent a t  an altit'ade 
of 30,000 f e e t  with mx3mum l iquid  inject ion  ( f ig .  7).  

The eng ine -me t  air flow (fig.  =(a) ) was nearly  constant for a l l  
flight  conditions  including sea l eve l  over the range of liquid-air ra t ios  
investigated. Therefore, the r a t i o  of augmented to   normlmass  flaw 
increased  d5rectl.y as the fiquid-air r a t i o  increased ( f ig .  l3(b)). 
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Increasing  the--liquid-air..ratio a t  a given  altitude  decreased  the 
nozzle area  required  to  maintain Umiting turbine-outlet  temgerature 
(fig.   14(a)).   Increasingthe altitude at a given  l iquid-air   ratio 
increased the required  nozzle  area  to  mintain limiting turbine 
temperature. 

Increasing  the-liqwid-air   ratio  at  a given altitude  increased the 
j e t  thrust  ( f ig .  14(b) ) approximately Unearly. A t  a given liquid-air 
ratio,   the augmented j e t  thrust rat io   obGined-at   sea- level   s ta t ic  con- 
dit ions was nearly  twice.the  aount  obtained  at   al t i tude and a f l i g h t  
Mach  nuniber of 0.8. This resu l t  appears  inconsistent  because the per- 
centage  increase i p  engine  pressure r a t i o  and mass flow a t  a given 
l iquid-air   ra t io  was about  the same irrespective of flight condition. 
The difference  .arises from the   fac t  that the tail-pipe  pressure  ratio. at 
sea- level   s ta t ic  conditiazu3 .was approximately 1.7 and at the higher 
fllght Mach number, about 3.5. Consequently, a given peroentage  increase 
in   ta i l -pipe pressure ratio  resulted Fn a greater increaee in jet velocity 
at sea-level  etatic  conditions than a t  a-higher flight w c h  number. The 
net thrust cwve (fig.  14(c)) exhibltrthe same general trends as the Jet 
thmst, and at  a 1Fquld-air r a t i o  of 0.10, the netthrUBt au@plentatlan was 
1.25, 1.23, and 1.21 a t  a l t i tudes of 30,000, 40,000, and 50,000 feet, 
respectively. . .  . .  ". 

Two-pot3Ftion nozzle. - The third  configuration  considered would 
involve- operation with a tw-o-position.variable-area nozzle at a constant 
liquid-air r a t i a   o f .  0.10.. The engine performance w i t h  possible  nozzle 
areas f o r  use in this type  configuration is  sham in figures 3 t o  10. 
With this configuration,  limiting  turbine-ouAlet  temperature  operation 
a t  rated engine speed would be attained'only a t  the designed flight con- 
dit ion for each nozzle  position.  Operation below the design  altitude 
would be a t  reduceb.turbIne-outlet temperature but a t  rated speed, w h i l e  
operation above the design altitude would be a t  rated temperature but-  at 
reduced  speed. This loss in  turbine-outlet  .temperature or the reduction 
in engine  speed is  more than  offset by the  increase i n  mass flow and 
exhaust-nozzle  .pressure  'ratio so as t o   r e s u l t   i n  a substantial net  thrust 
increase over normal engine  operation. 

If limiting turbine-outlet temperature operation a t  rated engFne 
speed were maintained far .a given nozzle. area by  regulating the liquid- 
injection rate, the net thruat gain would be considerably decrease.& at 
the  off-design  camlitions because of the decreased  Uquid-air  ratio. I-C 
is therefore evident that this limiting temperature operation with a two- 
position  nazzle is an bapractical method,of thrust  augmentation. 

Comparison of modes of operation. -. The effect- altitude on thrust 
augmentaticmfor3he various nozzle  configurations is sham in f igure l5 

!. - 
. .  

h 

a t  a constant l iquidair  r a t i o  of 0.10. With the continuously  variable- 
area  nozzle,  limiting  turbine-outlet  temperature  operation  results i n  a 
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maximum net thrust augmentation of 1.25, 1.23, and 1 .21  for altitudes of 
30,000, 40,000, and 50,000 feet,  respectively. Using the  standazd fixed- 
area  exhaust  nozzle,  the augmented net thrust varied from 1.14 t o  1.195 
as the a l t i tude  was increased from 30,000 t o  50,000 f ee t .  The decrease 
in  thrust augmentation with the  standard-area  nozzle is due t o  operation 
a t  reduced turbine-outlet  temperature. Limit& turbine-outlet temper- 
ature  operation, and consequently maximum thrust augmentation, would be 
attained w i t h  the  standard-area  nozzle a t  an a l t i tude  of approxlmately 
52,000 f ee t .  The t h r u s t  augmentation r a t i o s   f o r  nozzle areas 97.0  and 

@J 

CD 
4 96.2 percent of the  standard  area are also  presented in figure 15. The 
tp design altitudes for  these  nozzles, 97.0 and 96.2 percent of standard, 

are 42,500,md 37,000 feet, respectively.  Therefore, the co&Fnation of 
a reduced =ea such as  th i s  with the standam3 area i n  the form of a two- 
position nozzle could  reduce the off-design thrust   penalt ies of the 
standard  nozzle a t  the. lower altitudes. 

The ef rec t  of l iquid-air  r a t i o  on the exhaust-nozzle i n l e t  temper- 
a ture   p rof i le  f o r  a l t i tudes  of 30,000 and 50,000 f e e t  and the location 
of the  standard  control thermocouple for  this engine i s  shown i n  f ig-  
ure 16. As the   l iquid-air   ra t io  was increased, the negative  slope of 
the temperature  gradient from the s h e l l  t o  the center af the tail pipe 
became  more severe. This change in  m e r a t u r e  gradient becomes m o r -  
tant if  engine  operation is maintained a t  a constant  control  temperature 
because  as  liquid-air r a t i o  is Fncreased a t  constant  temperature a8 
indicated  by  the  standard  control  themcouple, the average ta i l -pipe gas 
temperature  decreases. 

aera t ion   Charac te r i s t ics  

The duration of this investigation covered l l . 5  hours of engine aper- 
ation w i t h  approximately 7.5 hours of this  time being consumed operat- 
the engine w i t h  l iquid  injection. The t o t a l  quantity of water-alcohol 
mixture used w a s  about 10,000 gallons. All the  engine  time wad consumed 
w i t h  the  engine  operating either at  o r  slfghtly above lMting turbine- 
out le t  temperature with no liquid  injection, o r  at  s l igh t ly  reduced 
turbine-outlet  temperature wlth liquid  fnfection. T h i s  operation  there- 
f o r e  represents  the  severest  condition to which any e w e  flight instal- 
l a t ion  would be s& jected,  except  possibly  for low-altitude flight con- 
ditions  requiring  liquid-injection  operation such as take-off or  CUD&. 
The t- consumed in this investigation  (7.5 hr) also  represents  prac- 
t i c a l l y  the t o t a l  l i fe  of any one engine i n  a flight ins ta l la t ion  
employing a liquid-injection system of this type because the augmented 
time would be approximately 1 percent of the' total engine time. No 
noticeable  deterioration of the engine which could be traced t o  the 
water-alcohol injection was detected. The engine had 36 hours of oper- 
a t ing time following  the last inspection, wLth the last 11.5 hours  being 
the  liquid-injection program. During the liquid-injection  investigatipn, 
no turbine-shroud r&.s were encountered. Following the  investigation,  the 
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engine  was  disassembled  from  the  conibustors  aft and the  parts  were 
inspected.  This  inspection  revealed  the  existence of three crack i n  
the leading  edges of three blades in t-ktw53mz-nozzle diaphragm. 
Because of the  large  amount of limiting-tempratwe or over-temperature 
operation,  these  cracks  could  not  definitely  be  attributed to liquid 
injection.  Similar  cracks in the  turbine diaphragm have  been  experi- 
enced  with normal engine  operation. 

During  the  entire program no combustion  blow-outs  were  encountered, 
and  the  tranaition.of engine operation from one  liquid-flaw  rate to 
another flow rate was smooth.  This  ease of operation  covered  conditions 
ranging  from minimum -to maxhum liquid-flow  rate  changes in a time 
interval of less than about 5 seconds. . .  

. .  

An additional  factor  that  would  tend to shplify an injection  sys- 
tem on a turbojet  engine  would  be  the  ability of the  engine  speed 
topping  governor  to  regulate  engine  fuel fly as  the  liquid  injection ~. 

was varied so as  to  maintain  rated  engine  speed.  However,  this  char- 
acteristic  of  the  engine was not.determined  during  the  present 
investigation. 

SUMMARY OF REULTS 

The  results of this  investigation  showed  that  with  cmibustion- 
chaniber  injection of alcohol and water  at a liquid-air  ratio of 0.10 
while  the  engine was operating  at  limiting  turbine-outlet  temperature 
and a f light-Mach  number of 0.80 , net  thrust  augmentations of 1.25, 1.23, 
and 1.21were possible  at  altitudes of 30,000, 40,000, and 50,000 feet, 
respectively. This thrust  augmentation was available  at all altitudes 
investigated  if a continuously  variable-area  exhaust nozzle W ~ S  used. 
When  operating  with only the  stanclad  exhaust nozzle at a liquld-air 
ratio of 0.10, the  augmented  net  thrusts  were 1.14 and 1.195 at  alti- 
tudes of 30,000 and 50,000 feet,  respectively. 

The use of 10,000 gallons of water-alcohol mixture in 7.5 hours of' 
engine  running time resulted in no noticeable  engine  structural  deterio- 
ration.  Engine qeration was smooth  at all the6 regardless of the 
injection flaw rates,  and  no  adverse  operational  characteristics  were 
encountered. . .  

1 
. ". 
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(a) Water-alcohol injection maele .  

'27% " 

. .. 

1 % 8" 

Cross-over tube 
B, 

(b) bcat ion of nozzle i n  combustion chamber ( four  nozzles per cambustion 
chamber equally spaced around fhe pel-iphery). 

Figure 2. - Sketch of vater-alcohol  injection nozzle and i t a  location i n  combustlon chamber. G 
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Figure 3. - Variation of r a t io  of augmented t o  normal CampIWSBQX preesure r a t i a  
with llquid-air r a t i o .  Engine speed f o r  augmented operatim, 7950 rpn; engine 
speed f o r  normal o p r a t i o n  d e t m w e d  by rated turbine-outlet  temperature; 
flight Mach number, 0.80. " 
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Figure 4. - Variation of r a t i o  of augmented t o  normal turbihe pressure r a t i o  
with l iqu id-a i r   ra t io .  Engine speed f o r  augmented operation, 7950 rpm; 
engine speed f o r  normal operation determined by  rated  turbine-outlet  
temperature; flight Mach number, 0.80. 
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Figure 5. - Variatim of r a t i o  of augmented to..n?ma& air flox-xfth liguid-alr. 
ratio. Engine speed for augmented operation, 7950 rpm; engine  speed for 
normal operatian determbd by rated  turbine-outlet  temperature; flight 
Mach number, 0.80. 
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~igure  6. - variatim of r a t l o  of augmented to normal mas flow Kith l iquid-air  
r a t io .  - h e  speed for augmented operation, 7950 r p ;  engine speed for 
normal operation determined by rated turbine-outlet  temperature; flight 
Mach number, 0.80. 
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Figure 7. - Varietim of r a t i o  of ammted t o  normal ombustion  effioienoy 
wi th   l iqu id-a i r   ra t io .  Engine speed for augmented operation, 7950 rpm; 
engine  speed f o r  normal operation determined by rated turbine-outlet  
temperature;   f l ight Mach number, 0.80. - 
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Figure 9. - Variation of r a t i o  of augmcmted.to etea no-1 e u s t - g a e   t F p e r a - .  
ture wi th   l iqu id-a i r   ra t io .  Engine epeed far awentad operation, 7950 rpm; 
engine speed for normal operation determbed by rated turbine-outlet  tempera- 
tu re ;  f l igh t  Mach number, 0.80. 

- .L " 



c 

Y 

WIGA RM E52LL2 - 
1.4 

1.3 

1.2 

1.1 

f 1.0 

* 1.3 
3 
d 
1 s 
9 1.2 

: 
q+ 1.1 
0 
0 
rl 

3 
1.0 

1.3 

1.2 

1.1 

1.0 
0 .02 .04 -06 .a -10 .E 

Liquid-air ratio 

Figurs 10. - Variatioa of r a t i o  O f  au@mnted t o  IIOmal net thraat wfth LiQuid-alr 
r a t io .  Fangias epeed f o r  a - m M  operation, 7950 rpm; m g b e  epeed for norms1 
operatlm Betenninea by rated turbine-mtlet temperature; flight Maoh 
number, 0.80. 
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(b) Turbine predeure.ratio. 

Figure 11. - Xffect of , .U~ui4- .a i r .   ra t io  on cmprelssor and turbine  pressure ratios 
with engine operating a t  limiting  turbine-outlet  temperature of 1250' F. mine 
speed for augmented operatlcm, 7950 rpm; engine epeed f o r  normal operation 
determined by rated turbine-outlet temperature. 
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(a) Combustion efficiency. 

Liquid-air ratio 

(b) Engine fuel flow. 

Figure E. - Effect of l iquid-air  r a t i o  on cconbustion eff ic iency and  engine fuel 
flow with engine o p e r a t a  at limiting turbine-outlet  temperature of 1250° F. 
Englne speed for augmented opera t im,  7950 rpm; engine speed for normal opera- 
t i o n  determined by rated  turblne-outlet  Mpera ture .  
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(b) Total mass flow. 

Figure 13. - Effect of liquid-air. ratio or..a?lgiqe-inlst. air f l o w  ana t o t a l  
flow with engine operating  at limitiag turbine-outiet  ~temperqture of E5O0 F. 

tion determined by rated turbine-outlet tmperature. 
speed for aug&ntd operatibn, 7950 rpm; engine epeed for n d l  opera- 
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(b) Jet thrust. 

Figure 14. - Effect of l iqu id-a i r   ra t io  on exhaust-nozzle area and Je t  and net 
thrusts with engine operating at l imiting  turbine-outlet  temperature of 
l25Oo F. -ne speed f o r  augmented operatian, 7950 rpm; engine speed for 
normal operation determined bs rated turblne-outlet temperature. 
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(c) Net  thrust. 

Figure 14. - Concluded. Ef'fect of liquid-air  ratio on exhaust-nozzle area and 
Jet and net thrusts  with enghe operating  at  llmitlrq  turbine-outlet  tempera- 
ture of U5Oo IC. Engine speed for au-ented operatian, 7950 rpm; engine 
speed f o r  narmal operation  determined by rated  turbine-outlet  temperature. 
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Rgure E. - EfYect of a l t l t u d e  an thrust a w t a t i c a r  ab given exhaust-nozzle 
area and l i qu id -a i r  ra-blo af 0.10. &@ne q e a d  for augmented operation, 
7950 rpm; engiae speed for nnrmal operat ion determined by ra ted  turbine-  
outlet temperature; P l i g h t  Maoh number, 0.80. 
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(a) Altitude, 30,000 feet. 
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Percent of radius at nozzle  inlet 

(b) Altitude, 50,000 feet. 

Figure 16. - B u s t - g a s  temperature  profile at exhaust-nozzle  inlet 
for two liquid-air ratios. m i n e  speed, 7950 rpnj flight Mach 
number , 0.80. . .. 
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